Abstract Several hybrid and solar-only configurations for molten-salt power towers were evaluated with a simple economic model, appropriate for screening analysis. The solar specific aspects of these plants were highlighted. In general, hybrid power towers were shown to be economically superior to solar-only plants with the same field size. Furthermore, the power-booster hybrid approach was generally preferred over the fuel-saver hybrid approach. Using today's power tower technology, economic viability for the solar power-boost occurs at fuel costs in the neighborhood of $2.60/MBtu to $4.40/ MBtu (low heating value) depending on whether coalbased or gas-turbine-based technology is being offset. The cost of COS avoidance was also calculated for solar cases in which the fossil fuel cost was too low for solar to be economically viable. The avoidance costs are competitive with other proposed methods of removing CO2 from fossil-fired power plants.
Introduction
The solar power tower concept is characterized by a tower-mounted receiver that is cooled by molten salt ated by reflected energy from a field ure 1 shows a flow schematic of this system. Molten salt at 55OoF (288OC) is pumped out of a "cold" storage tank to the receiver where it is heated to 1050°F (56 ) and delivered to a "hot" storage tank. The hot salt is then extracted for generation of 1000°F (538OC) steam in the steam generator. The steam powers the turbine to produce electricity. Molten salt was chosen as the preferred heat transfer fluid because it has good heat-transfer properties; provides an efficient and low-cost thermal storage medium, and produces steam temperatures that are compatible with high efficiency Rankine-cycle turbines. Cost effective storage allows the power plant to achieve high annual plant load factors (>60%) and to dispatch electricity to the grid when needed, even during cloudy weather or at night.
sun-tracking mirrors, call
In 1996, an industry/government consortium led by Southern California Edison, completed startup of the Solar Two power plant. The purpose of this 10 MWe plant is to demonstrate the practicality of molten salt power tower technology during a 3-year operating period {21]. Assuming success of Solar Two, it is currently envisaged that the initial commercial-scale plants will be deployed within the US Solar Enterprise Zone (southern Nevada) and within developing nations such as India, Egypt, and Mexico.
The first commercial plants will be significantly larger than Solar Two, capable of producing up to 100 MW,. A large monetary investment will be required to build these plants and, since the power tower is a new generation technology, the financial risk will be perceived to be high by potential investors. They will require a high rate of return to balance the risk which could drive up the cost of solar power beyond affordability. To reduce risk, the US solar thermal community is currently promoting a commercialization strategy in which the first power towers are hybridized with fossil fuels. By designing a hybrid plant in which 10 to 30% of the annual electricity is derived from solar energy, financial risk is minimized because the majority of the electricity is derived from proven fossil technology and steady payments for power sales is assured. Furthermore, as will be shown in this paper, hybridization also significantly reduces the cost of producing solar power.
With today's inexpensive fossil fuel, it is difficult for grid-connected solar plants to economically compete with fossil plants; hybridization will help close the gap. Eventually, as fossil fuel prices rise and more manufacturing experience is gained resulting in a cost reduction for solar equipment, large solar-only plants in the 200 to 400 MWe range would likely become the preferred method of technology deployment.
In this paper, the economic potential of various hybrid configurations that have been proposed for molten-salt power towers will be examined and compared to solar-only plants. The analysis will highlight the solar-specific aspects of these not blend the costs of solar energy with energy. When hoice becomes rid designs that are compatible with the needs of the huge ctricity market and provide the most environmental benefits will identification of the preferred econ be identified.
Market Needs for Power Towers
The power towers analyzed herein are assumed to be exposed to insolation conditions similar to the good solar regions found in Rajasthan, India or in Egypt.
Marketing studies [I] suggest that for the foreseeable future, most new power plants will be built within developing nations like India and Egypt. These countries were also selected because they represent two distinctly different power markets.
Rajasthan is currently experiencing power shortages at all times of the day and is in dire need of base-load power. Rajasthan does not have access to a naturalgas-pipeline network and future power plants are proposed to be fueled by coal, lignite, and petroleum products. In many instances, these fuels will be costly because they will be brought to plant site from great distances by train or truck.
Egypt, on the other hand, currently does not have a power shortage and has an extensive pipeline network. New natural-gas-fired power plants are under construction to meet the future power needs of the country. Furthermore, energy resources are so prevalent (gas, solar, wind) that Egypt wants to be an electricity exporter to the emerging international electricity grid. A significant demand for peak power occurs after sunset in Egypt which is currently being met with the Aswan hydroelectric project. However, the need for peaking power is increasing beyond the capabilities of Aswan and new thermal plants must be built in the near future to meet the evening peak [18] .
Because of the different needs for power and the variety of fossil fuels available, the hybrid power towers analyzed herein will provide peaking power (i.e. low plant load factor) and near-base-load power (i.e. high plant load factor) and will be interfaced with fossil plants that burn natural gas or coal. In addition, since fuel prices are expected to be high in certain regions of the world, concepts with the primary purpose of saving fuel will also be examined. And finally, because certain organizations [2,3] are willing to pay a premium for developing technologies that slow global warming, the cost-effectiveness of each of these solar concepts in offsetting C02 will be assessed.
Hybrid Concepts
From a functional point of view, there are two basic approaches to hybridizing a solar power tower to a base-load ssil plant: fuel saver and power booster. The daily power profile for each concept is depicted in Figure 2 .
In a "fuel-saver" plant, fuel input to the plant is reduced when solar is available and electricity output is constant. In a Rankine cycle application, the solar steam generator can be sized to provide the entire input to the steam turbine or a fractional amount. However, when hybridizing with a base-load fossil plant, it is perhaps preferred to contribute a fractional amount of heat from solar. This keeps the fossil boiler hot all the time and prevents daily startup losses and thermal cycles. In a combined-cycle application, solar heat is added by preheating the inlet air to the gas turbine via a salt-to-air heat exchanger. Since the molten salt operating temperature is limited to less than 600 O C and the inlet temperatures required by modern gas turbines are approaching 1400 O C , the maximum amount of fuel savings that is possible (using an intercooled turbine) is approximately 27%.
In a "power booster" plant, fuel input to the plant is constant and additional electricity is produced when solar heat is available. Additional electricity is produced by oversizing the steam turbine, contained within a pure Rankine cycle or the bottoming portion of a combined cycle, so that it can operate on full fossil and solar energy when solar is available. Studies of this concept have typically oversized the steam turbine from 25% to 50% beyond what the turbine can produce in the fuel-only mode.
Oversizing beyond this range is not recommended because the thermal-to-electric conversion efficiency will degrade when operating in the fuel-only mode.
An advantage of a fuel-saver over a power booster plant is that a given amount of solar energy can be added to the grid for less cost because additional steam turbine capacity does not have to be built. In addition, when performing the fuel saving at the entrance to the gas turbine within a combined cycle [4,5], the solar energy is converted at a higher efficiency than when adding a power boost to a pure Rankine cycle (e.g. 53% vs. 40%).
The primary advantage of the power booster is that the economic value of the solar energy to the utility grid is greater than the fuel saver. Thus, even though the cost of adding solar energy to the grid is greater for the booster, the increased value of the solar energy more than compensates for the increased cost. In the next section it will be shown that the increased value will cause the power booster to be, in most cases, the preferred economic choice.
Simplified diagrams of hybrid power tower plants in fuel saver and power booster configurations are depicted in Figure 3 . In order to compare the economics of the systems, a consistent set of conceptual designs were developed for the hybrid power plants. From Table 1 it can be seen that in each design a solar field was interfaced with a base-loaded combined cycle or coal-fired Rankine cycle that produces 350 MW, when operating in a fossil-only mode. Power boosters with low and high plant load factors (PLF) for the solar portion (i.e. the ctangle marked "solar" in Figure 2 ) were developed to meet the different market needs. In all cases, the base-load portion of the hybrid plant was assumed to have an 80% PLF. Table 2 provides the design characteristics, costs, and annual performances of the solar-only plants and the solar portion of the hybrid plants. The assumed fossil competition for each of the solar cases is also listed.
. A few notes are in order regarding the data presented in Table 2 :
Heliostats are assumed to cost slightly under $100/m2. This value was obtained by reducing a recent cost estimate (given a production level of 2500 per year ([6] ) for 150 m2 glass heliostats by 15% to account for construction in a developing nation [7] . The remaining costs were derived from previous studies [8, 9] . Performance estimates were developed with the SOLERGY computer code [IO]. Insolation levels were assumed to be equivalent to the Mojave Desert. Insolation similar to the Mojave can be found in the desert regions throughout the world.
Fuel savers are shown to cost less than power boosters with the same fieldheceiver because a solar-specific increment to the turbine does not have to be purchased. This can be seen by comparing the installed cost listed in column 1 to column 2 and column 3 to column 4.
By comparing columns 1 and 2, it can be seen that for a given solar field size, more thermal storage is required for the combined cycle fuel saver than for the combined cycle power booster. This is because less peak solar thermal power can be accepted by the power block of the fuel saver than the power booster (i.e., 171 MWt vs. 260 MWt) and thus more solar energy must be stored for later use.
Since a fuel saver reduces the fuel-heat input to the power block, levelized energy costs (LEC) are expressed per unit of heat. Since a power booster adds additional electricity to the grid, LECs are expressed per unit of electricity.
0
An advanced solar-only case is given to illustrate what the next step in technology development may look like beyond hybridization.
To allow a comparison with photovoltaic solar systems, installed costs are also expressed in units of $/watt (peak). To convert to peak values, the effect of thermal storage must be removed. A first-order estimate can be obtained by dividing installed costs by the solar multiple, e.g. for the low PLF power booster $1.57n/v = $2.82 x 1 08/1 x 1 O8 W/1.8 .
As stated earlier, hybridization significantly reduces the cost of producing solar power relative to a solar-only design. Table 2 indicates a 20 to 25% reduction. This can be seen by comparing the levelized energy costs in column 2 to column 5 and column 3 to column 6. There are 3 reasons for this reduction: 1) reduced capital costs for the 100 MWe solar turbine because only an increment on the base-load fossil turbine must be purchased, 2) reduced O&M costs because only an increment beyond the base-load O&M staff and materials must be used to maintain the solar-specific part of the plant, and 3) the solar plant produces more electricity because the turbine is hot all the time and daily startup losses incurred in a solar-only plant are avoided.
The economic viability of the solar plants presented in Table 2 will be assessed in the next section.
Economic Evaluation of Hybrid and Solar-Only Concepts
In order to evaluate the economic viability of the solar plants, one must first identify the non-solar competition.
Since the primary subject of this paper is hybrid solar plants, fossil fuel is assumed to be available for delivery at the site and thus a comparison with coal-fired and natural-gas-fired plants will be made. Characteristics of the fossil technologies the solar plants are assumed to offset are listed at the bottom of Table 2 and described more fully in Table 3 .
For market conditions requiring a high PLF, it is assumed that the technologies being offset are either a pulverized coal Rankine cycle or a natural-gas combined cycle. Rather than constructing a hybrid plant by adding a 100 MW, solar increment, the lowest-cost fossil alternative would be to add a 100 MW fossil increment to the plant. The incremental capital and O&M costs are listed in Table 3 ; capital costs associated with increasing the fossil plants from 350 to 450 MWe were derived from information presented in Figure 4 and incremental O&M costs were calculated from reference [I I].
For market conditions requiring a low PLF, it is assumed that a stand-alone 100 MWe gas-turbine plant will be offset by the 100 MW, solar power boost to the coal or combined cycle plant. The installed cost listed in Table 3 was derived by multiplying the manufacturers list price for a 100 MW gas turbine (Siemens V84.2) by the indirects/installation factor presented for gas turbines in reference [Ill.
After market entry is complete using the hybrid approach, large solar-only plants may be preferred. When this occurs, stand-alone combined cycle plants with ratings of 200 MW or more could be offset. This is the reason for including the last column in Table 3 . The next step in assessing economic viability is to determine the value (i.e. the price to be paid) for the solar energy produced. This should be equal to the avoided cost of producing the equivalent energy with the fossil competition described above. Avoided costs are comprised of 3 components: capital construction, O&M, and fuel expense.
The avoided cost of capital is typically expressed as the annualized payment needed to amortize the construction loan during a period that is equal to the life of the plant. On a levelized basis, this payment is Annual capital costs = fixed charge rate * Installed cost Since fixed charge rate (also called capital carrying charge) represents the fraction of capital paid per year and installed cost has units of $/kW, the levelized annual capital costs (also called capacity value) has units of $/kW-yr. The fixed charge rate for an investor-owned utility within the US is ap roximately 16% and is calculated [I 21 given the following economic assumptions ? . The capacity values listed in Table 3 were calculated with the above equation and a 16% fixed charge rate.
The avoided cost of O&M, on a 30-yr levelized basis, is equal to 1.5 times the O&M cost for the first year of plant operation. The factor 1.5 converts 30 years of O&M costs, that increase at the inflation rate, to the equivalent levelized cost given a 10% discount rate. The O&M costs (values) listed in Table 3 have been 'These economic assumptions do not apply to plants built in developing nations like India or Egypt. The evaluation of the appropriate economic factors for these countries is beyond the scope of this analysis. In addition, the economic model employed in this paper is admittedly simple and is only appropriate €or the screening type of analysis contained herein.
divided by the annual electricity produced by the fossil plant and thus have units of $/kWh,. (The electricity produced is defined by the plant load factors listed in the table.)
The avoided cost of fuel, on a 30-yr levelized basis, is also 1.5 times the first year fuel cost. Thus fuel is assumed to escalate at the inflation rate and the discount rate is assumed to be 10%. Annual fuel costs (values) listed in Table 3 are a function of the plant fuel-conversion efficiencies listed in the table and have also been divided by the annual electricity. Since fuel cost is highly uncertain, fuel values are given for a variety of first-year fuel costs. The next step in determining economic viability of the solar plants is to assign the appropriate value to the energy that the solar plants add to the grid. For a fuel saver plant it is logical to assign only the avoided cost of fuel that is saved. For a power booster plant, the value of the solar energy is increased because it not only offsets fuel but also the cost of building new power plant capacity either onsite or somewhere else on the utility grid and the O&M associated with that new capacity. Thus, the value of energy produced by the power booster is equivalent to the full avoided cost. However, to realize this full value the power boost must meet a dispatchability requirement that is roughly equivalent to fossil plant it is offsetting. The dispatchability requirement for peaking power plants in the Mojave Desert is that they demonstrate greater than an 80% PLF from noon to 6pm, Monday through Friday, from June through September. Studies have shown that a molten salt power tower with 6 hours of thermal storage will meet this dispatchability requirement [I 3,i 41. It should be emphasized that the dispatchability requirement is totally dependent on the local power needs and must be investigated on a case by case basis. For example, because of their evening peak, Egypt might require the plant to demonstrate a high availability during the 4 hours after sunset. It is assumed here that the power boosters and solar-only plants meet the dispatchability requirement.
If the value of the solar energy is greater than the cost of producing it, economic viability is achieved. The levelized energy costs for the solar-increments and solar-only plants presented in Table 2 were calculated with the following equation: LEC = Annualized Capital Costs + O&M Costs
Annual Energy
As stated previously, annualized capital cost is the product of the fixed charge rate times the installed capital costs. The capital costs, 30-yr levelized O&M costs, and annual energy are all listed in Table 2 . Annual energy is either electric or thermal, depending on whether the plant is a power booster or fuel saver, respectively. Electric parasitics required to run the solar equipment have been subtracted from electric energy produced by the booster. However, because the product of the fuel saver is thermal energy, electric parasitics have been listed separately for this case and treated as an O&M expense.
The economic assum levelized energy costs fossil competition exce s used to calculate the fixed charge rate and the he solar cases were the same as described for th the following taxation parameters: 5-yr depreciation life 0 0% annual property tax 0
20% investment tax credit
Recent studies indicate that if solar plants are taxed at the same rate as fossil plants, the solar plant will pay much more tax per kilowatt hour during its lifetime. Selection of the above taxation parameters have been shown to be one method of achieving tax equity between solar and fossil generated electricity for plants built in California, USA [15] . Achieving tax equity causes a very significant reduction in the fixed charge rate (reduced from 16% to 10%) and levelized energy cost for solar plants. In this economic analysis, it is assumed tax equity has been achieved and thus a fixed charge rate of 10% was used to calculate the solar LECs listed in Table 2 .
As stated previously, economic viability occurs if value exceeds costs. If costs of producing solar energy exceeds the value, then we must justify why we are willing to pay more for solar power. Here, it was assumed that we are willing to pay more for power that produces less COP and quantify how much we are paying to do this. An example calculation that demonstrates the analysis methodology is presented below.
Define Case
Assess the economic viability of 100 MW (Hi PLF) power boost to a 350 MW base-loaded coal plant. The power boost produces 569 GWhJyr (column 3, Table 2 ). The coal is assumed to cost $2/MBtu in the first year and escalate at the inflation rate.
Determine Value
The high PLF power booster is assumed to meet the dispatchability requirement and thus qualify for the capacity, O&M, and fuel values listed in column 1 of Table 3 . The annual levelized value is calculated to be 
Plot Results
Similar calculations were performed for each of the hybrid and solar-only cases over the full range of expected fuel costs. The results of these calculations are plotted in Figure 5 (the asterisk represents the example calculation presented above.) When the avoidance cost is zero, the solar plants achieve economically viability. Major insights are annotated below:
Cases that offset coal (A, 8, C) have a lower CO2 avoidance cost and have a different slope than those that offset gas (D -I). There are 2 reasons for this:
1) much higher amounts of CO2 are produced by burning coal than natural gas, 2) the value of the solar energy is greater because the avoided cost of offsetting coal plants is higher than offsetting gas-fired plants (Le., the capacity and O&M values listed in Table 3 are higher for coal).
The economics of case A (coal power booster) and case B (solar-only that offsets a coal increment) are superior to case C (coal fuel saver). This is because in the former cases the value of solar energy is greater and equal to the full avoided cost, whereas the fuel saver only receives the value of the fuel.
Case E (combined-cycle power booster that offsets a gas-turbine plant), case F (solar-only that offsets a gas-turbine plant), and case G (combined-cycle fuel saver), all have the same field size but the economics of case E are superior to cases F and G, which are shown to be approximately equal. Case E beats case F because the LEC of case E is lower than F, yet case E receives about the same value. Case E beats case G because of the higher avoided cost payment that is received for the energy produced.
The economics of case G (combined-cycle fuel saver) is shown to be superior to case H (combined-cycle power booster that offsets a combinedcycle increment) and case I (solar-only plant that offsets a combined-cycle increment). The capacity and O&M values ($46/kWyr and $0.0038/kWhr in Table 3 ) received by case H and I are too low to compensate for the increased capital costs of these systems.
el-saver (C) achieves economic viability at a slightly lower fuel cost than the combined-cycle fuel saver (G) ($6.00 vs. $6.50/MBtu). The only reason this occurs is because case C has a lower LEC due its larger solar field and improved economy of scale.
Because of the very high fuel costs required, the economics of offsetting a combined cycle increment with current-generation power towers are unfavorable (cases H and I). However, the advanced solar-only case (D) shows some hope. Besides using advanced technology, Case D is improved because the solar plant is larger (200 MW vs. 100 MW) and is capable of offsetting an entire combined cycle plant rather than just an increment. This significantly increases the capacity and O&M value for the electricity produced.
Conclusions
This paper has examined the economic potential of various hybrid and solar-only configurations for molten-salt power towers. The focus of the analysis was the solar-specific aspects of these plants. The value of the solar energy produced was not blended with fossil energy so that clear economic comparisons could be made.
In general, hybrid power towers were shown to be economically superior to solaronly plants with the same field size. Furthermore, the power-booster hybrid approach was generally preferred over the fuel-saver hybrid approach. The hybrid cases that showed the most promising economic potential are a power boost to a coal plant and a power boost to a combined cycle plant. However, in order for the latter case to be attractive, the solar boost must offset the construction of a new gas-turbine plant. Given the economic assumptions presented in this paper, economic viability for the coal boost occurs at a fuel cost (low heating value) of $2.60/MBtu. Viability for the combined-cycle boost occurs at a fuel cost of $4.40/MBtu. These fuel prices exist today in certain areas of the world (e.g. Rajasthan, India).
The cost of C02 avoidance was also calculated for solar cases in which the fuel cost was too low for solar to be economically viable. Solar cases that offset coal plants were shown to have the lowest C 0 2 avoidance cost. The avoidance costs appear to be within the range of interest (<$29/ton) to the Global Environmental Facility [I 91 who is currently providing financial support to technologies that reduce global warming. The C02 avoidance costs also appear to be competitive with other proposed methods of removing C o n from fossil-fired power plants and other industrial processes [20] . Power Plant Size (MW) 18.1%
Gas turbine is assumed to be similar to a Westinghouse 701F gas turbine with a heat rate of 9280 Btu/kWh (q=36.7%) [16] . For the combined cycle fuel saver, an intercooler is assumed to be installed (not available today for the 701 F). The annual energies shown are applicable to a power boost on a coal plant. These energies should be reduced by 5% for a power boost on a combined cycle plant due to the lower Rankine efficiency. Solar multiple is the ratio of the above 2 rows. Excess energy produced by the receiver is sent to the thermal storage tank for later use. This is a 30-yr "current" dollar estimate which includes the effects of inflation. See paper for explanation of economic assumptions. 
